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 The St. Peter Sandstone is part of the Cambrian-Ordovician aquifer system in the Midwestern 
U.S. and is a major aquifer covering a large area, including central Illinois. Recharge to the St. Peter 
Sandstone during the Pleistocene and Holocene has come from multiple locations and displaced in situ 
brines, which have altered the geochemistry. Radium (Ra) levels are above the drinking water standard 
of 5 picocuries per liter (pCi/L) in many community water supply wells open to the St. Peter Sandstone. 
The purpose of this research was to examine sources and sinks of Ra and other radioisotopes in the 
Middle Illinois water supply planning region. 
 Both 226Ra and 228Ra are found in the groundwater, indicating that both uranium and thorium 
(238U and 232Th) decay chains are important in the aquifer. Many of the wells sampled were open to 
formations overlying and underlying the St. Peter Sandstone, and shale facies in those units may be 
sources of U to the St. Peter. Radon (222Rn) data indicate that most of the 226Ra is associated with the 
solid phase. In a region where the St. Peter Sandstone is at or near the land surface and active recharge 
is occurring, adsorption to Fe- and/or Mn-oxyhydroxides appears to be the major control on Ra 
concentrations in solution. High sulfate (SO42-) concentrations in the confined regions of the aquifer 
indicate that barite solubility is a control on Ra concentrations in these regions. Sorption/desorption 
reactions also likely play a role in Ra solubility.  
  Pleistocene meltwater recharge has exerted a strong influence on the Ra and U geochemistry in 
the St. Peter Sandstone. Multiple episodes of fresh Pleistocene water that penetrated far into the St. 
Peter appear to have brought in oxygen that caused U to be solubilized, transported, and then re-
precipitated out of solution once more reducing conditions were re-established. Fractionation of U 
isotopes occurred as a result of the fluctuating redox conditions and is especially pervasive in the Central 
region of our study area. These impacts of Pleistocene recharge may be prevalent locally due to the 
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Introduction 
 High levels of natural radium (Ra) are a long-standing water quality concern in the Cambrian-
Ordovician aquifer system in the midcontinental U.S. (Emrich & Lucas, 1963; Lucas & Ilcewicz, 1958; 
Scott & Barker, 1961; Young, 1992). Radium is a known carcinogen and has the potential to cause bone 
and sinus cancer if ingested in sufficient quantities (Milvy & Cothern, 1991). The maximum contaminant 
level for combined Ra (226Ra + 228Ra) in drinking water is 5 picocuries per liter (pCi/L), and concentrations 
exceeding the standard have been measured in wells in the Midwestern U.S. (Wilson, 2011). In the most 
comprehensive study of Ra in the Cambrian-Ordovician aquifer system in Illinois, Gilkeson et al. (1983) 
sampled approximately 90 wells from sandstone aquifers in northern Illinois. They reported combined 
Ra concentrations between 2.3 and 50.2 pCi/L, with a median of 11.5 pCi/L. Thus, water extracted from 
these aquifers must typically be treated to lower Ra concentrations, a process that can be expensive and 
produce radioactive waste.  
 Radium has a complex chemistry that can make its source and fate in the environment difficult 
to predict. Of its four radioisotopes, the two most important in groundwater are 226Ra with a half-life of 
1,600 years and 228Ra with a half-life of 5.75 years.  226Ra and 228Ra are produced from two separate 
decay chains (Figure 1). Thorium (Th) is the parent for both major Ra isotopes: 230Th for 226Ra and 232Th 
for 228Ra. Uranium (U) is the ultimate source for 226Ra (238U). Because 228Ra has a short half-life, it does 
not migrate significant distances from its source before decaying. Thus, the distribution of 232Th in 




Figure 1. Decay chains that produce 226Ra (left) and 228Ra (right). Elemental isotopes are in boxes, vertical arrows 
indicate alpha decay, horizontal arrows indicate beta decay. Times are half-lives (y = years, d = days, h = hours, m = 
minutes, s = seconds). 
 
 To have elevated levels of Ra in groundwater, a source is needed (i.e., U, Th), and mechanisms 
that would limit its solubility must not be significant. Uranium and Th may be naturally present within 
mineral structures or adsorbed to mineral surfaces. Uranium solubility is strongly influenced by redox 
conditions and is relatively mobile under oxidizing conditions (Clark, 2015). Decay of U nuclides propels 
Th nuclides into solution. Thorium, however, is highly insoluble, adsorbing strongly to negatively 
charged surfaces such as most silicate minerals (Langmuir & Herman, 1980; Stumm & Morgan, 1995). 
The decay of Th present on mineral surfaces can input significant amounts of Ra into solution (Davidson 
& Dickson, 1986; Krishnaswami et al., 1982). Disintegration reactions tend to weaken the chemical 
bonds holding nuclides in the matrix, increasing the potential for leaching into solution (Fleischer, 1980). 
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Radium may also enter solution via dissolution of minerals, desorption, or ion exchange (Dickson, 1990; 
Krishnaswami et al., 1982; Ku et al., 1992). Mechanisms that remove Ra from solution include 
radioactive decay, adsorption, ion exchange, complexation with other adsorbed species, and 
coprecipitation in minerals as a trace constituent (Sturchio et al., 2001). 
 In relatively low total dissolved solids (TDS) groundwater, Ra is present primarily as 
uncomplexed Ra2+. Colloid and particulate transports may be important but have not been widely 
documented. 226Ra has been observed to be correlated with various constituents, including TDS, calcium 
(Ca), strontium (Sr), and barium (Ba) (Gilkeson et al., 1983; Sturchio et al., 2001).  
 The 226Ra/228Ra ratio depends on the 238U/232Th ratio of the host rock and thus provides 
information on the relative alpha-recoil rates of the two decay series. Alpha recoil produces 226Ra/228Ra 
in groundwater up to 1.75 times that of the rock due to accumulation in the mobile pool of preceding 
nuclides in the decay chain (Davidson & Dickson, 1986). Assuming desorption rates are fast compared to 
Ra half-lives, then 226Ra/228Ra ratios in groundwater and adsorbed to aquifer solids would be equal, and 
a 226Ra/228Ra ratio in groundwater reflects the relative supply rates of the two Ra isotopes from their 
parent compounds. The 226Ra/228Ra ratio is thus, in effect, equal to the 238U/232Th ratio in the parent rock 
and adjusted for variability in 238U and 232Th distributions and the depletion of 230Th relative to 232Th 
(Porcelli & Swarzenski, 2003). In samples collected from 15 principal aquifers in the U.S., Szabo et al. 
(2012) found a median 226Ra/228Ra ratio of 2.58 (n = 971), but with considerable variability. Sturchio et al. 
(2001) found that 226Ra/228Ra ratios in Paleozoic carbonate aquifers in Missouri, Kansas, and Oklahoma 
varied between 1.3 and 10, generally coinciding with the range in the aquifer rocks. Relatively elevated 
ratios of 226Ra/228Ra (> 5) are evidence of enrichment of the 226Ra parent nuclides (238U and 234U) on the 
rock matrix relative to their normal abundance in rocks. 
 The equilibrium between dissolved Ra and a pure Ra mineral, such as radium sulfate (RaSO4), is 
precluded by the extreme insolubility of these minerals (Kirby & Salutsky, 1964). Radium can, however, 
be precipitated in solid solution within Ca and Ba minerals. Barite (BaSO4) is the mineral phase most 
effective at removing Ra from solution (Gordon & Rowley, 1957). The precipitation of gypsum 
(CaSO4·2H2O) and celestite (SrSO4) may also remove Ra from solution.  
 Adsorption exerts a strong control on Ra in dilute groundwater, depending on substrate type, 
solution composition, and temperature. The potential for 226Ra to desorb from surfaces is a function of 
the ionic strength of the water, increasing with increasing ionic strength. Thus, 226Ra concentrations are 
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generally higher in brines than in dilute water (Emrich & Lucas, 1963). Partitioning coefficients (i.e., 
retardation factors) for Ra are reportedly in the range of 103–104 for a variety of aquifer lithologies 
(Porcelli & Swarzenski, 2003). This suggests that under natural conditions, Ra will migrate at rates of 10-3 
–10-4 times that of groundwater and so is significantly retarded by adsorption.  
 In Illinois, almost all the research on Ra has focused on the northern part of the state, where the 
Cambrian-Ordovician aquifers are heavily used. As the sedimentary units that make up the Illinois Basin 
plunge southward, fewer wells pump from these aquifers. However, many communities still rely upon 
them as the sole source for their drinking water, especially the Ordovician St. Peter Sandstone. In a 
recent paper, Kelly et al., (2018) used aqueous geochemical and stable isotope data to show that 
Pleistocene meltwater penetrated great distances into the St. Peter Sandstone. The sandstone exhibited 
a Pleistocene isotopic signature extending into north-central Illinois. In the northern part of the Illinois 
Basin, the Pleistocene meltwater is the source of fresh water that makes this unit a useful aquifer (Kelly 
et al., 2018). Kelly et al. (2018) also argued that structural features were an important control on the 
movement of groundwater in the region. In this report, we discuss the source and fate of radium and 
uranium in the aquifers of this region, an area of the Illinois Basin that has been little studied with 
respect to radioactivity. The study goals were to determine how paleohydrogeologic conditions 
contributed to the presence of radium and uranium in the St. Peter Sandstone and to determine what 
mechanisms are currently controlling their concentrations. 
 
Radium in Cambrian-Ordovician Aquifers in the Midwestern U.S. 
 Because Ra is a common contaminant in the Cambrian-Ordovician aquifers of the Midwestern 
U.S., several studies have investigated its extent and the factors controlling its solubility. The most 
widespread study in Illinois was by Gilkeson et al. (1983), who sampled approximately 90 wells, mostly 
public supply wells, in northern Illinois. They reported concentrations of 226Ra between 0.1 and 36.9 
pCi/L, 228Ra between 0.5 and 32.7 pCi/L, and 226Ra + 228Ra between 2.3 and 50.2 pCi/L. There was no 
obvious correlation between the two isotopes, although samples with low 226Ra concentrations (< 5 
pCi/L) generally also had low 228Ra concentrations. 226Ra/228Ra ratios varied between 0.2 and 13.1 (one 
anomalous value of 41.0), with most ratios between 1 and 5. Regionally, the lowest Ra concentrations 
were in the primary recharge zone for the deep bedrock aquifers where the Maquoketa Shale confining 
unit is absent, the St. Peter aquifer subcrops, and groundwater is relatively young. Concentrations 
generally increased hydrologically down-gradient. The highest Ra concentrations were found south of 
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Chicago, where groundwater was highly mineralized, and 226Ra was the dominant Ra isotope in those 
locations. 
 Gilkeson et al. (1983) concluded that the high Ra concentrations were coming from sandstones, 
which are the primary water-producing strata. They suggested the Cambrian Ironton-Galesville 
sandstone, and not the Ordovician St. Peter, was the primary source of Ra. This was inferred from 
observations at a few wells open only or primarily to the Ironton-Galesville aquifer. However, 
pinpointing the exact source formation(s) was difficult because most wells they sampled were open to 
multiple aquifers. Kelly (2008) attempted to determine if the Ironton-Galesville was the primary source 
of Ra, but did not find any statistically significant differences between the two aquifers. Radon (222Rn), 
the daughter product of 226Ra, was detected in all samples collected by Gilkeson et al. (1983), indicating 
the ubiquity of 226Ra on the matrix of the Cambrian-Ordovician aquifers. 
 Gilkeson et al. (1983) found a somewhat linear relationship between TDS and 226Ra. All samples 
with 226Ra concentrations less than 2.5 pCi/L had TDS concentrations less than 600 mg/L, and all samples 
with TDS values greater than 1,500 mg/L had 226Ra concentrations greater than 6.0 pCi/L. However, TDS 
concentrations alone were not enough to explain 226Ra concentrations, as many samples with relatively 
high 226Ra concentrations had low TDS concentrations. Kelly (2008) did not find this positive relationship, 
possibly because none of the samples from that study had TDS values > 1,000 mg/L. Both Gilkeson et al. 
(1983) and Kelly (2008) concluded that barite (BaSO4) was the major control on Ra solubility, as all 
samples were in equilibrium with barite.  
 Grundl & Cape (2006) sampled Wisconsin bedrock aquifers similar to those in northern Illinois, 
and reported results similar to Gilkeson et al. (1983). Grundl & Cape (2006) found that waters were 
saturated with respect to calcite (CaCO3) and barite across their entire transect, with sulfate (SO42-) 
concentrations increasing from unconfined to confined conditions. They concluded that calcite was 
unlikely to be an important sink for Ra and that barite was the major control, not adsorption.   
 The most wide-scale study of Ra and U in the Cambrian-Ordovician aquifer system in the 
Midwestern U.S. was performed as part of the U.S. Geological Survey’s National Water-Quality 
Assessment (NAWQA) program (Stackelberg et al., 2018; Wilson, 2011). Samples were collected in 
Illinois, Iowa, Michigan, Minnesota, and Wisconsin. Both 226Ra and 228Ra were widely distributed 
throughout the region, with higher concentrations in confined as opposed to unconfined areas, which 
was reflective of more mineralized, reducing waters. Iron reduction was identified as a particularly 
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important condition (Stackelberg et al., 2018). Wilson (2011) concluded that barite solubility was the 
primary control on Ra concentrations in the unconfined parts of the aquifers. As SO42- concentrations 
increase in the confined parts of the aquifers, most of the Ba is removed from solution and barite ceases 
to control Ra concentrations. Grundl et al. (2006) suggested celestite (SrSO4) was also an important 
control on Ra concentrations in confined areas in Wisconsin.  
 The median concentration for 238U reported by Wilson (2011) was 0.35 micrograms per liter 
(µg/L). Higher concentrations were measured in unconfined areas of the aquifers, where more oxidizing 
conditions promote U mobility. Dissolved 238U was not strongly correlated with either of its decay 
products, 226Ra or 222Rn. 
Geology and Hydrogeology of the Study Area  
This study focused on the Ordovician St. Peter Sandstone aquifer of north-central Illinois (Figure 
2), covering 12 counties (Bureau, Fulton, Henry, Knox, LaSalle, Livingston, Marshall, McLean, Peoria, 




Figure 2. Study region showing bedrock geology and structural features (modified from Kolata, 2005). Cross-
hatched area shows maximum extent of Wisconsin Glacial Episode advance. Yellow triangles indicate locations of 
wells sampled in this study (ISWS). Upside down orange triangles and black circles indicate locations of USGS and 
IEPA samples, respectively, with data used in this study. Dark blue areas show direction of groundwater flow in St. 
Peter during the Pleistocene (Kelly et al., 2018). Transacts A-A’ and B-B’ provide the locations of geologic cross-
sections depicted in Figure 3. 
 
 The geology of the Illinois Basin has been summarized by Collinson et al. (1988) and Kolata & 
Nelson (2010). The Illinois Basin occupies most of Illinois, as well as parts of Indiana, Kentucky, and 
Tennessee, and is filled with Cambrian through Pennsylvanian marine sedimentary rocks lying atop 
Precambrian crystalline basement rock (Figure 2 and Figure 3). Cambrian and Ordovician strata are 
predominantly sandstones, Silurian through Mississippian rocks are predominantly carbonates, and 
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Pennsylvanian strata are shales, sandstones, and coal measures. The basin is at least 6,400 m deep at its 
deepest point in western Kentucky (Hickman, 2013). 
 
Figure 3. East-West (A – A’) and North-South (B – B’) geologic cross-sections through study region (Kelly et al., 
2018). Data from Kolata (2005) and Meyer et al. (2009). Cross-section locations shown in Figure 2. Blue formations 
are sandstones. 
 
 Siegel (1989) summarized the hydrogeological setting of the northern Midwestern U.S., 
including the Illinois Basin. The Ordovician St. Peter and Cambrian Ironton-Galesville Sandstones are 
important aquifers in northern Illinois and in parts of Wisconsin, Iowa, and Minnesota (Wilson, 2011). In 
Illinois, units to the south of the Paleozoic Sandwich Fault Zone are uplifted relative to those in the 
north. Thus, the St. Peter Sandstone is at or near the land surface in LaSalle County and is hydraulically 
connected to the Illinois River (Figure 2 and Figure 3). LaSalle County and the Sandwich Fault Zone mark 
the southernmost extent of the unconfined portion of the Cambrian-Ordovician aquifer system 
(Stackelberg et al., 2018). Siegel (1989) suggested that water discharged from the St. Peter in northern 
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LaSalle County during the Wisconsin Glacial Episode. However, as glaciers retreated, this area became a 
recharge zone for the St. Peter. Pleistocene recharge that infiltrated the St. Peter Sandstone 
encountered in situ brines and produced a geochemically complex mixture. In the study area’s confined 
portion of the Cambrian-Ordovician aquifer system, Stackelberg et al. (2018) estimated mean 
groundwater ages of greater than 100,000 years that likely represented a heterogeneous mixture of 
relatively recent recharge and much older in situ brines. 
 The LaSalle Anticlinal Belt is the dominant structural feature in the region, a complex structure 
of en echelon folds, asymmetrical anticlines, domes, monoclines, and synclines stretching more than 
400 km from near the Wisconsin border in northwestern Illinois through Lawrence County in 
southeastern Illinois (Nelson, 1995). In the study area, the dominant structural feature is the Peru 
Monocline, which extends nearly 100 km from western Livingston County through western LaSalle 
County and terminates to the north (Figure 2). This feature is strongly asymmetric, dipping as much as 
45 degrees on its western flank but only about 2 degrees on its eastern flank (Kay and Bailey, 2016). The 
monocline has displaced units older than the Upper Pennsylvanian, including the St. Peter, with strata 
present at much lower elevations on the western flank relative to the eastern area (Kay & Bailey, 2016; 
Nelson, 1995). Recent work by Kelly et al. (2018) and Panno et al. (2018) suggested that the LaSalle 
Anticlinal Belt exerted a strong influence on recharge into and flow through the St. Peter Sandstone in 
our study area. 
 Kelly et al. (2018) divided the study area into four regions based on major ion and stable isotope 
data: Western, Central, Eastern, and a Modern Recharge region in the northeastern part of the study 
area in northern LaSalle County (Figure 2). Combining the geochemical data with structural information, 
Kelly et al. (2018) differentiated groundwater flow directions, recharge zones, and relative flow rates in 
the St. Peter Sandstone. Briefly, the St. Peter Sandstone is at or near the land surface in the Modern 
Recharge region and is an active recharge zone where most of the groundwater recharged during the 
Pleistocene has been displaced by groundwater recharged during the Holocene (referred to in this paper 
as “modern recharge”). In the other regions, there is evidence of in situ brines, Pleistocene meltwater, 
and Holocene recharge in the St. Peter, a finding also reported for the Cambrian-Ordovician aquifer 
system outside of Illinois (Siegel, 1989; Siegel & Begor, 1990; Siegel & Mandle, 1984). Flow in the Central 
and Eastern regions is controlled by the LaSalle Anticlinal Belt, with increased permeability caused by 
fracturing associated with the fault zone focusing flow in a northwest-southeast direction. 
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 Conditions were reducing in all regions, and dominant redox processes as reported in Kelly et al. 
(2018) were determined following the methodology of Chapelle et al. (2009). Ferric iron (Fe(III))- and, to 
a lesser extent, manganese (Mn(IV))-reduction dominated in the Modern Recharge wells, while mixed 
Fe(III)- and SO42--reduction dominated in almost all wells in the other regions. The presence of methane 
(CH4) in all samples further indicated the existence of mixed redox conditions. Redox conditions 
appeared to be more reducing in the Eastern wells compared to the other regions, with SO42--reduction 
and methanogenesis dominating over Fe(III)-reduction. Hydrogen sulfide (H2S) was detected in all the 




 A total of 32 samples were collected from wells finished in the St. Peter Sandstone (Figure 2). 
Many of the wells are open to other units above and below the St. Peter. For example, 21 of the wells 
were believed to be open to the overlying Galena-Platteville dolomite aquifer, and 10 wells were open 
to deeper units, including carbonates and sandstones. The St. Peter is considered to be the most 
transmissive unit in this region, although these other units certainly supply some water to these wells. 
Thirty-one samples came from existing wells, including 27 community supply wells, three industrial 
wells, one state park well, and one domestic well. Thirty of these wells were sampled between June and 
August 2015, and one was sampled in November 2017. A drill-stem water sample from the St. Peter was 
collected by researchers at the Illinois State Geological Survey (ISGS) in September 2015 from a well 
drilled for the Industrial Carbon Capture and Sequestration (ICCS) demonstration project near Decatur, 
south of the study area. Stable isotope analysis (δ2H and δ18O) suggested the sample was not 
contaminated by drilling fluid (S.V. Panno, pers. comm. 2021). We expanded our data set with 14 
samples collected from wells located within our study area by two other agencies, the Illinois 
Environmental Protection Agency (IEPA) and the United States Geological Survey (USGS). Samples from 
both agencies contained major ion and radium data from public supply wells open to the St. Peter 
Sandstone (and possibly other units). The 12 wells from the IEPA database were sampled between 1990 
and 2010 as part of IEPA’s Ambient Well Network sampling program. Data were obtained by request. 
The two USGS samples were collected in 2007 and also contained radon and uranium concentration 
data. Data were downloaded from the USGS web portal.  
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 All community and industrial wells were being pumped prior to sampling. A multi-sonde 
(Hydrolab® MS5) was used to measure field parameters (water temperature, pH, specific conductance 
(SpC), oxidation-reduction potential (ORP), and dissolved oxygen (DO)). Once these parameters 
stabilized, values were recorded and water samples were collected. Hydrogen sulfide (H2S) was semi-
quantitatively measured in the field using a colorometric field kit that employed the methylene blue 
method (CHEMetrics®). Except for the 222Rn samples, water was passed through a 0.45 micrometer (µm) 
filter capsule prior to collection. Water samples were collected in separate bottles or vials for inorganic 
constituents (anions, cations/metals, alkalinity, ammonium-nitrogen (NH4-N)), dissolved organic carbon 
(DOC), and the stable isotopes of water (δ18O, δD), sulfate (SO42−) (δ34S, δ18OSO4), and strontium (Sr) 
(87Sr/86Sr), and the radioisotopes 226Ra, 228Ra, 222Rn, 238U, and 234U/238U. Samples for methane were 
collected in customized plastic sampling bags (IsoFlasks®, Isotech Laboratories) following the 
manufacturer’s instructions. Samples for 222Rn were collected in vials submerged in a bucket while water 
flowed into the vial to prevent atmospheric contamination. Samples for U analysis were collected in 2 L 
bottles rinsed with ultrapure 8 Normal (N) nitric acid followed by ultrapure deionized water and 
preserved with ultrapure 8 N nitric acid (1% by volume).  
 Complete inorganic chemistry and DOC analyses were conducted at the Illinois State Water 
Survey (ISWS) Public Service Laboratory (Champaign, IL) using standard analytical procedures. Anions 
were determined by ion chromatography, cations/metals by inductively coupled plasma-atomic 
emission spectrometry, alkalinity by titration, DOC by combustion, ammonium by semi-automated 
colorimetry, and arsenic by stabilized temperature graphite furnace atomic absorption. All arsenic 
concentrations were below the detection limit of 0.79 μg/L. TDS values were calculated by summing the 
concentrations of all dissolved constituents.  
Dissolved gas concentrations were determined at Isotech Laboratories in Champaign, IL using 
the head-space equilibration method (Molofsky et al., 2016). A gas chromatograph (GC) was used to 
detect and quantify the concentrations of hydrocarbons in the headspace of the dissolved gas sample. 
The concentration of the gas dissolved in the water (methane, ethane, and propane) was then 
calculated using Henry’s Law. 
Samples for δ18O and δ2H values were measured by cavity ring-down spectroscopy on a Picarro 
L2130-i isotopic water analyzer at Isotech Laboratories (Champaign, IL). Long-term analytical precision 
for δ18O is ±0.1‰ and for δ2H is ±2‰, with values reported relative to Vienna Standard Mean Ocean 
Water (VSMOW).  
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The δ34S and δ18O of dissolved SO42− were determined by initially precipitating the dissolved 
SO42− as barium sulfate (BaSO4) following the methods of Carmody et al. (1998). The δ34S of the BaSO4 
was determined by combustion to sulfur dioxide (SO2) gas using an Elementar Vario EL Elemental 
Analyzer, then passed through a ConFlo II interfaced to an isotope ratio mass spectrometer (IRMS), 
where it was compared against a reference gas. The δ18O of the SO42− was determined using a Thermo 
TC/EA interfaced with an IRMS. The oxygen of the BaSO4 sample was thermally converted to carbon 
monoxide (CO) gas, then introduced into the IRMS through a ConFlo II interface. Sample isotopic 
compositions were referenced against international standards to determine the final δ34S and δ18O 
values. The δ34S results for dissolved SO42− are reported versus the Vienna-Canyon Diablo Triolite (VCDT), 
and the δ18O results for dissolved SO42− are reported versus the Vienna-Standard Mean Ocean Water 
(VSMOW). 
Strontium isotopes were analyzed using a Nu Plasma HR multi-collector inductively-coupled-
plasma mass-spectrometer located in the Department of Geology at the University of Illinois at Urbana-
Champaign. Strontium was separated from other matrix ions using Eichrom Sr-spec resin on small Teflon 
columns (100 μL) conditioned with 3 N HNO3. After washing with 3 N nitric acid (HNO3) and then 8 N 
HNO3, Sr was eluted using 0.01 N HNO3. The Sr solution was introduced using a DSN-100 desolvating 
nebulizer. NBS987, Eimer, and Amend Sr standards and an in-house modern coral standard were run 
within every 5 samples, and 2 s precision on the repeated NBS987 runs was ± 0.00003. Reported Sr 
isotope ratios were corrected for the offset between measured and true NBS987 (true=0.710255). This 
offset (3–5 in the fifth decimal place) was applied to both the E&A standard and the coral standard to 
check the accuracy of the correction. After correction, E&A gave 0.70803 (true=0.70804) and coral gave 
0.70921 (true=0.70919). 
Radium and 222Rn analyses were performed at Eaton Analytical Laboratories (South Bend, IN). 
Radium was analyzed via gamma counter (Georgia Method). Samples for U analysis were prepped and 
analyzed at the University of Illinois at Urbana-Champaign Department of Geology Isotope Hydrogeology 
and Geochemistry Lab. Water samples were prepared for 234U/238U isotope analysis using published 
methods involving AG1-X8 resin and 8N HCl as the medium. Samples with low U contents were first 
concentrated using an iron oxyhydroxide (Fe(OH)3 ) precipitation. Purified samples were run on a Nu 
Plasma HR Multicollector-Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS). 234U 
concentrations were measured via an electron multiplier calibrated using NIST SRM 112. An in-house 
Table Mountain Latite (TML) solution and IRMM18a standards were used for QA.  
14 
 
 Sample groupings were evaluated using Kruskal-Wallis one-way analysis of variance on ranks, 
and Dunn’s Method was used to compare pairs. Significance was determined at the p = 0.05 level. 
Saturation indices were calculated using Geochemist’s Workbench version 8.0 (Bethke et al., 2009). 
 
Results 
 Analytical results for the samples we collected are reported in Tables 1–5. Results for the USGS 
and IEPA samples are reported in Tables 6–9. Elevated Ra levels were found throughout the region, with 
29 of 32 samples we collected, both USGS samples, and 7 of 12 IEPA samples having combined Ra (226Ra 
+ 228Ra) concentrations above the USEPA drinking water standard of 5 pCi/L (Tables 4 and 8; Figure 4). 
The Central wells had the highest median concentration (9.8 pCi/L) and the Modern Recharge wells had 
the lowest (5.4 pCi/L), although differences among the regions were not statistically significant. The ICCS 
sample (no. 33) in the extreme southern part of the study area had by far the highest TDS value and a 
relatively high combined Ra activity (13.5 pCi/L). The Ra concentrations in our study region did not reach 
the maximum levels reported by Gilkeson et al. (1983). They collected samples in northern Illinois, north 
of our field area, and almost 10 percent of their samples exceeded 20 pCi/L and 3 percent exceeded 30 
pCi/L. The maximum combined Ra concentration of the samples we collected was 17.6 pCi/L. Two of the 




Table 1. Field parameters and major ions for sampled wells. Results in mg/L unless otherwise specified. ND = Not Determined. 








(mv) H2S   Ca K Mg Na 
Alkalinity 
(CaCO3) 
Cl- SO42- TDS 
Modern Recharge Wells 
26 300 6666 12.5 6.71 865 302 < 0.1 112   1.33 51.5       11.0 333    31.3   89.3 502 
27 205 6666 16.1 6.62 738 179 < 0.1   89.6   2.94 38.8       17.4 189    36.6 144 449 
28 180 6666 12.4 6.87 854 117 < 0.1 115   1.60 47.2       10.0 296    19.1 146 525 
32 287 6666 12.5 6.89 681 129 < 0.1   86.0   3.59 36.1       15.8 373         1.64 0.43 376 
Western Wells 
11 1775 6366 22.7 7.52 1990 60 < 0.1   39.8 12.3 14.9   368 234 225 388 1198 
12 2052 6066 20.9 7.21 2585 89 0.1   75.1 16.5 29.6   425 239 529 236 1468 
13 1557 6366 19.5 7.36 1961 129 < 0.1   43.8 13.5 17.7   354 238 279 300 1161 
14 1667 6366 22.6 7.27 2448 122 < 0.1   76.1 16.1 30.8   430 223 199 707 1603 
18 2501 6393 21.0 7.16 2916 144 < 0.1   92.6 18.5 37.1   479 236 616 259 1657 
19 1743 6366 23.3 7.46 3634 94 0.2   34.9 11.9 14.1   778 499 600 408 2157 
20 1700 6366 22.5 7.53 4014 99 0.3-0.4   16.0 10.1     7.50   886 606 733 295 2321 
22 2495 6387 18.9 7.28 1692 89 < 0.1   57.7 14.0 23.2   308 241 182 372 1112 
23 1410 6366 18.8 7.41 1744 110 < 0.1   45.4 12.8 19.5   313 235 222 292 1054 
31 1680 6366 22.6 7.29 2564 150 < 0.1   84.7 16.3 34.5   448 218 190 786 1701 
Central Wells 
1 1910 6366 22.6 7.41 2390 55 0.3   58.3 16.2 25.5   402 261 470 188 1328 
2 1842 6366 23.9 7.45 2339 92 0.1   54.7 15.0 23.0   401 246 438 220 1311 
3 1874 6366 24.0 7.49 2672 115 < 0.1   50.8 14.3 21.5   481 251 537 224 1489 
5 1800 6381 20.2 7.32 1750 129 < 0.1   57.1 14.1 23.7   279 258 299 144 982 
6 1902 6366 22.7 7.46 2694 115 < 0.1   52.9 15.0 20.5   496 271 547 236 1541 
15 2696 6393 23.5 7.05 1239 165 < 0.1   71.5 14.9 26.4   155 320 163   51.5 683 
16 1643 6371 19.1 7.12 1176 134 < 0.1   58.1 13.0 20.8   162 298 138   84.1 663 
17 1545 6371 17.8 7.27 1307 106 < 0.1   53.9 12.4 21.2   204 270 173 116 751 
24 1895 6666 22.5 7.33 2740 103 0.1   73.1 15.7 32.2   446 241 561 222 1507 
25 1881 6666 22.4 7.27 3075 663 < 0.1   70.4 16.1 29.3   528 258 671 206 1688 
35 2120 6571 18.8 7.72 2577 88 0.1-0.2   33.0 12.6 15.0   517 269 556 198 1504 
Eastern Wells 
7 1914 6673 18.7 8.53 2045 152 2-3   17.6 12.6     9.79   447 388 404   47.9 1182 
8 2025 6373 24.5 7.30 2333 60 2-3   54.9 18.3 23.7   403 304 515   61.4 1269 
9 2005 6381 20.2 8.26 1857 -39 < 0.1   47.7 19.0 27.6   333 280 435   34.9 1075 
10 1935 6681 20.3 7.17 2372 -17 1-2   63.1 19.9 29.1   402 287 492 144 1333 
29 540 6366 13.3 6.80 1631 83 7-8   88.9 16.7 49.2   192 307 215 207 959 
30 812 6666 16.6 7.04 1645 17 6-7   57.0 18.1 31.4   246 316 300   38.3 889 
Other Samples 
33 3275 6666 ND ND     ND ND ND 102 66.6 40.5 1655 308    2483 294 4854 
 
* The first two digits refer to the uppermost water-bearing unit open to wells; last two digits represent the lowest water-bearing unit open to wells. 60 = Ordovician (general); 63 
= Galena group; 65 = Platteville group; 66 = St. Peter Sandstone; 71 = Shakopee dolomite; 73 = New Richmond Sandstone; 81 = Eminence-Potosi dolomite; 87 = Ironton-
Galesville Sandstone; 93 = Eau Claire dolomite.
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Table 2. Minor ions, nutrients, and trace metals* for sampled wells. Results in mg/L.  
Well # B Ba Co Fe Li Mn Ni P Si Sr Tl Zn F- Br- NO3 -N NH3-N 
Modern Recharge Wells 
26 0.051 0.0466 <0.013 <0.024 <0.11 0.0586 <0.043 <0.073 5.59 0.133 <0.017   0.0339 0.23 <0.08 3.24 <0.03 
27 0.086 0.0543 0.079   1.67 <0.11 0.0378   0.184 <0.073 5.90 0.200 <0.017   0.425 0.23 <0.08 <0.04 <0.03 
28 0.038 0.134 <0.013   2.74 <0.11 0.0524 <0.043   0.110 7.80 0.308 <0.017   0.0426 0.33 <0.08 <0.04 0.56 
32 0.174 0.0933 <0.013   2.07 <0.11 0.0475 <0.043   0.103 7.12 0.645 <0.017   0.205 0.53 <0.08 <0.04 0.88 
Western Wells 
11 0.946 0.0178 <0.013   0.351 0.18 0.0044 <0.043 <0.073 4.93 1.49 <0.017 <0.0097 1.93 0.72 <0.04 1.20 
12 0.730 0.0294 <0.013   0.826 0.14 0.0062 <0.043 <0.073 4.74 5.14 <0.017 <0.0097 1.16 1.69 <0.04 1.43 
13 0.884 0.0162 <0.013   0.106 0.15 <0.0015 <0.043 <0.073 4.33 1.95 <0.017   0.0099 1.71 0.87 <0.04 1.18 
14 1.21 0.0109 <0.013   0.238 0.26 0.0030 <0.043 <0.073 4.86 3.34 <0.017 <0.0097 2.02 0.60 <0.04 1.34 
18 0.810 0.0290 <0.013   0.296 0.13 0.0049 <0.043 <0.073 4.89 6.48 <0.017   0.0236 0.92 1.86 <0.04 1.44 
19 1.99 0.0239 <0.013   0.131 0.31 0.0026 <0.043 <0.073 5.44 1.48   0.025 <0.0097 2.61 1.34 <0.04 1.00 
20 2.21 0.0275 <0.013   0.058 0.31 0.0022 <0.043   0.077 5.36 0.724 <0.017 <0.0097 2.76 1.62 <0.04 0.80 
22 1.06 0.0158 <0.013   0.491 0.18 0.0024 <0.043 <0.073 5.13 2.84 <0.017 <0.0097 2.05 0.51 <0.04 1.02 
23 0.878 0.0202 <0.013   0.170 0.15 0.0027 <0.043 <0.073 4.34 1.94   0.018 <0.0097 1.70 0.66 <0.04 1.37 
31 1.19 0.0106 <0.013   0.154 0.27 0.0030 <0.043 <0.073 4.99 3.66 <0.017   0.0280 1.98 0.43 <0.04 1.38 
Central Wells 
1 0.765 0.0316 <0.013   0.837 0.13 0.0174 <0.043 <0.073 5.06 2.74 <0.017 <0.0097 1.55 1.52 <0.04 1.27 
2 0.722 0.0327 <0.013   0.322 0.13 0.0030 <0.043 <0.073 4.98 2.49 <0.017 <0.0097 1.44 1.44 <0.04 1.23 
3 0.821 0.0327 <0.013   0.211 0.14 0.0022 <0.043 <0.073 5.02 2.33 <0.017 <0.0097 1.58 1.61 <0.04 1.21 
5 0.669 0.0340 <0.013   0.346 <0.11 0.0031 <0.043 <0.073 4.74 3.44 <0.017   0.0107 1.17 1.09 <0.04 1.07 
6 0.956 0.0398 <0.013   0.222 0.15 0.0049 <0.043 <0.073 4.79 2.28 <0.017 <0.0097 2.04 1.63 <0.04 1.04 
15 0.483 0.0566 <0.013   0.242 <0.11 0.0039 <0.043 <0.073 5.04 3.54 <0.017   0.0262 0.70 0.65 <0.04 0.87 
16 0.410 0.0233 <0.013   0.485 <0.11 0.0076 <0.043 <0.073 4.50 2.47 <0.017 <0.0097 0.74 0.52 <0.04 0.99 
17 0.516 0.0296 <0.013   0.614 <0.11 0.0076 <0.043 <0.073 4.31 2.67 <0.017   0.0160 1.07 0.64 <0.04 1.05 
24 0.724 0.0342 <0.013   0.781 0.14 0.0101 <0.043 <0.073 4.93 4.16   0.023   0.0119 1.35 1.80 <0.04 1.32 
25 0.812 0.0356 <0.013 <0.024 0.14 0.0054 <0.043   0.091 4.84 3.95 <0.017   0.0121 1.53 1.96 <0.04 1.22 
35 1.17 0.0241 <0.013   0.060 0.22 0.0019 <0.043   0.087 4.76 1.34 <0.047 <0.0097 2.57 1.93 <0.04 1.13 
Eastern Wells 
7 1.38 0.0799 <0.013   0.228 0.19 0.0125 <0.043 <0.073 4.77 1.10 <0.017 <0.0097 3.90 1.39 <0.04 0.67 
8 1.14 0.108 <0.013 <0.024 0.14 0.0033 <0.043 <0.073 5.58 2.16 <0.017 <0.0097 1.82 1.63 <0.04 0.85 
9 0.980 0.147 <0.013   0.763 0.13 0.0250 <0.043 <0.073 4.60 2.18 <0.017 <0.0097 1.45 1.46 <0.04 0.86 
10 1.08 0.0438 <0.013   0.260 0.13 0.0125 <0.043 <0.073 4.93 2.27 <0.017   0.0117 1.62 1.82 <0.04 0.88 
29 0.490 0.0246 <0.013   0.034 <0.11 0.0097 <0.043 <0.073 3.39 2.09 <0.017 <0.0097 0.54 0.74 <0.04 0.71 
30 0.766 0.184 <0.013 <0.024 <0.11 0.0020 <0.043 <0.073 3.85 2.23 <0.017 <0.0097 1.21 1.02 <0.04 0.92 
Other Samples 
33 3.33 0.0672 <0.013   0.052 0.87 0.144 <0.043   0.097   10.0 4.96   0.029 <0.0097 3.70 9.74 <0.04 2.34 
 
* The following trace metals were below detection in all samples (detection limit in mg/L): Al (0.037); As (0.00079); Be (0.00055); Cd (0.012); Cr (0.0058); Cu (0.0016); Mo 




Table 3. Organic compounds, stable isotopes, and various ion ratios for sampled wells. ND = Not Determined. 
























Modern Recharge Wells 
26 0.42 0.0002 < 0.0001 < 0.0002 -50.1 -7.82 -8.46 -3.6 0.1 0.71053 0.54 0.10 782 0.042 
27 0.57 0.001 < 0.0002 < 0.0002 -45.3 -7.03 -9.92 -1.1 1.2 0.71058 0.73 0.20 915 0.080 
28 1.55 0.074    0.0002 < 0.0002 -48.6 -7.52 -7.52 -11.2 -1.0 0.70928 0.81 0.09 477 0.084 
32 1.36 3.6 < 0.0002 < 0.0002 -50.1 -7.73 -6.83 ND ND 0.70967 14.88 0.19 41 2.192 
Western Wells 
11 <0.31 0.042    0.00032 < 0.0002 -83.5 -11.70 -9.99 17.4 13.4 0.70958 2.52 9.98 313 0.055 
12 0.32 ND ND ND -62.6 -8.95 -11.01 18.7 15.0 0.70980 1.24 5.99 312 0.031 
13 0.34 0.024 < 0.0002 < 0.0002 -76.8 -10.84 -10.52 17.2 13.1 0.70962 1.96 8.46 321 0.048 
14 <0.31 0.012 < 0.0002 < 0.0002 -92.4 -12.68 -9.07 18.5 13.1 0.70978 3.33 5.91 331 0.081 
18 <0.31 0.0059 < 0.0002 < 0.0002 -60.2 -8.76 -11.91 18.5 14.8 0.70986 1.20 5.42 331 0.030 
19 <0.31 0.024 < 0.0002 < 0.0002 -72.1 -10.36 -7.87 28.3 13.5 0.70988 2.00 23.32 448 0.020 
20 <0.31 0.52    0.00063 < 0.0002 -63.2 -9.35 -7.71 37.7 14.1 0.70992 1.87 54.42 453 0.014 
22 <0.31 0.013 < 0.0002 < 0.0002 -84.8 -11.73 -9.90 15.9 13.0 0.70971 2.61 5.60 358 0.077 
23 <0.31 0.012 < 0.0001 < 0.0002 -76.9 -10.80 -10.11 16.9 13.1 0.70959 2.18 7.03 335 0.058 
31 <0.31 0.012 < 0.0002 < 0.0002 -94.7 -12.98 -8.19 18.4 13.0 0.70977 3.64 5.52 439 0.086 
Central Wells 
1 <0.31 ND ND ND -64.9 -9.44 -9.13 21.0 14.5 0.70976 1.32 6.98 309 0.034 
2 <0.31 0.012 < 0.0002 < 0.0002 -67.7 -9.68 -9.05 19.1 13.8 0.70966 1.41 7.55 305 0.034 
3 <0.31 0.13    0.0002 < 0.0002 -69.0 -9.92 -9.53 18.7 13.9 0.70963 1.38 9.72 333 0.027 
5 <0.31 0.0054 < 0.0002 < 0.0002 -58.6 -8.76 -9.16 19.2 14.7 0.70981 1.44 5.05 274 0.047 
6 <0.31 0.013    0.00079 < 0.0002 -66.2 -9.70 -9.41 20.2 14.0 0.70988 1.40 9.98 336 0.027 
15 0.35 0.0064 < 0.0002 < 0.0002 -51.9 -8.04 -11.92 19.3 15.6 0.70994 1.47 2.35 251 0.092 
16 <0.31 0.0066 < 0.0001 < 0.0002 -54.2 -8.18 -10.71 21.0 16.7 0.70986 1.81 3.06 263 0.094 
17 <0.31 0.0056 < 0.0001 < 0.0002 -56.9 -8.47 -9.88 20.1 16.2 0.70973 1.83 4.01 271 0.072 
24 <0.31 0.37    0.0001 < 0.0002 -65.0 -9.36 -9.69 18.9 15.2 0.70982 1.23 6.16 311 0.028 
25 <0.31 3.0    0.0011 < 0.0002 -64.6 -9.20 -9.89 18.8 15.2 0.70984 1.21 7.75 342 0.024 
35 <0.28 0.033    0.0013 < 0.0003 -64.0 -9.37 -8.89 21.2 15.4 ND 1.43 15.58 289 0.023 
Eastern Wells 
7 <0.31 0.29    0.016 < 0.0002 -53.5 -8.04 -8.43 35.2 12.4 0.70969 1.71 23.12 291 0.031 
8 <0.31 0.094    0.00051 < 0.0002 -54.9 -8.02 -10.46 28.1 14.0 0.71011 1.21 7.48 315 0.035 
9 <0.31 0.10    0.00035 < 0.0002 -53.4 -7.99 -10.94 35.6 14.4 0.71018 1.18 6.23 299 0.044 
10 <0.31 0.07    0.00041 < 0.0003 -55.1 -8.27 -10.93 23.7 14.7 0.71020 1.26 6.31 270 0.040 
29 0.34 0.17    0.0020 < 0.0002 -55.4 -8.28 -10.53 21.7 14.6 0.71018 1.38 1.97 290 0.078 
30 <0.31 0.19    0.0037 < 0.0002 -52.8 -7.94 -10.72 25.1 8.0 0.71002 1.26 3.93 296 0.060 
Other Samples 
33 2.59 ND ND ND -56.3 -8.25 -7.52 30.2 15.6 0.70991 1.03 17.12 255 0.027 
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Table 4. Radioactive parameters and partition coefficient (Kd) for sampled wells. Results in pCi/L except 238U (ppb), 
226Ra:Ba (atomic ratio), and Kd (L/kg). ND = Not Determined. 
Well # 226Ra 228Ra 
226Ra + 
228Ra 
226Ra/228Ra 222Rn 222Rn/226Ra     238U  234U/238U 226Ra:Ba Kd 
Modern Recharge Wells 
26   0.82   0.11   0.9   7.45 522 637 0.777   1.41 1.06E-08 71.95 
27   4.0   2.5   6.5   1.60 171   42.8 0.760   3.37 4.45E-08 4.73 
28   8.5   2.4 10.9   3.54 487   57.3 0.00673   3.57 3.83E-08 6.37 
32   7.6   7.2 14.8   1.06 211   27.8 0.0165 13.1 4.92E-08 3.03 
Western Wells 
11   9.9   0.91 10.8 10.9 282   28.5 0.0336   7.38 3.37E-07 3.11 
12   5.1   2.6   7.7   1.96 199   39.0 0.0669 14.8 1.05E-07 4.30 
13   9.4   1.7 11.1   5.53 306   32.6 0.0318   6.80 3.51E-07 3.57 
14 10.8   1.1 11.9   9.82 262   24.3 0.0182 10.1 6.00E-07 2.63 
18   3.6   0.77   4.4   4.68   64.9   18.0 0.0404 10.3 7.50E-08 1.93 
19   5.0   0.71   5.7   7.04 128   25.6 0.0273   8.52 1.26E-07 2.78 
20   2.9   0.83   3.7   3.49 172   59.3 0.0140   8.62 6.37E-08 6.60 
22   4.3   1.1   5.4   3.91 132   30.7 0.0730 15.2 1.64E-07 3.36 
23   4.7   2.8   7.5   1.68 111   23.6 0.0132 12.7 1.41E-07 2.56 
31 13.4   0.23 13.6 58.3 122     9.10 0.0198   8.86 7.67E-07 0.92 
Central Wells 
1   8.6   8.3 16.9   1.04 178   20.7 0.00382 34.9 1.65E-07 2.23 
2   6.7   7.0 13.7   0.96 161   24.0 0.00202 48.3 1.24E-07 2.61 
3   5.6   5.2 10.8   1.08 158   28.2 0.00199 49.4 1.03E-07 3.08 
5   7.4   2.6 10.0   2.85 239   32.3 0.0150 13.0 1.32E-07 3.54 
6   5.0   6.1 11.1   0.82 204   40.8 0.0182 11.2 7.60E-08 4.51 
15   4.8   4.2   9.0   1.14 205   42.7 0.0353 16.7 5.13E-08 4.72 
16   6.6   1.4   8.0   4.71 263   39.9 0.0232 12.5 1.71E-07 4.40 
17   7.4   1.3   8.7   5.69 179   24.2 0.0135 13.7 1.51E-07 2.63 
24   8.4   1.2   9.6   7.00 170   20.2 0.00494 39.1 1.48E-07 2.18 
25   6.4   8.4 14.8   0.76 187   29.2 0.00323 43.7 1.09E-07 3.19 
35 12.9   1.9 14.8   6.79 109     8.45 0.0943 14.0 3.23E-07 0.84 
Eastern Wells 
7   3.6   3.6   7.2   1.00   68.4   19.0 0.00961 17.9 2.72E-08 2.04 
8   4.3   1.5   5.8   2.87   73.2   17.0 0.00484   9.83 2.40E-08 1.81 
9   3.4   2.3   5.7   1.48   85.1   25.0 0.00124 12.4 1.40E-08 2.72 
10   7.9   1.3   9.2   6.08   58.6     7.42 0.01159   6.36 1.09E-07 0.73 
29   8.8   8.8 17.6   1.00 180   20.5 0.00172 31.8 2.16E-07 2.20 
30   5.2 10.0 15.2   0.52 169   32.5 0.00097 17.4 1.71E-08 3.57 
Other Samples 
33   7.7 
 




  1.33 
 







Table 5. Saturation indices for selected mineral phases calculated using Geochemist’s Workbench. ND = Not 
Determined. 
Well # Anhydrite Barite Calcite Celestite Fe(OH)3 Goethite Gypsum Hematite 
Modern Recharge Wells 
26 -2.01 0.10 -0.40 -2.98 -0.35 4.18 -1.71 9.28 
27 -1.83 0.31 -0.80 -2.56 -0.25 4.24 -1.57 9.41 
28 -1.80 0.75 -0.25 -2.40 -0.61 3.93 -1.49 8.77 
32 <-3.00 -1.81 -0.20 <-3.00 -0.41 4.12 <-3.00 9.15 
Western Wells 
11 -1.82 -0.03 -0.02 -1.38 -0.02 4.40 -1.62 9.75 
12 -1.81 0.02 -0.09 -1.09 -0.17 4.27 -1.59 9.48 
13 -1.90 -0.08 -0.17 -1.36 -0.01 4.44 -1.67 9.82 
14 -1.39 -0.13 -0.11 -0.89 0.06 4.47 -1.19 9.90 
18 -1.72 0.01 -0.09 -0.99 0.17 4.60 -1.50 10.14 
19 -1.97 0.02 0.12 -1.49 -0.08 4.33 -1.78 9.61 
20 -2.45 -0.01 -0.07 -1.93 -0.20 4.22 -2.25 9.38 
22 -1.71 -0.02 -0.15 -1.12 -0.30 4.15 -1.47 9.25 
23 -1.89 0.03 -0.11 -1.36 -0.01 4.45 -1.65 9.83 
31 -1.32 -0.13 -0.06 -0.83 0.37 4.79 -1.12 10.52 
Central Wells 
1 -1.97 -0.04 0.10 -1.43 -0.03 4.38 -1.77 9.72 
2 -1.91 0.02 0.10 -1.40 0.36 4.76 -1.72 10.48 
3 -1.96 0.00 0.11 -1.45 0.65 5.05 -1.77 11.06 
5 -2.05 -0.01 -0.01 -1.39 0.46 4.90 -1.83 10.75 
6 -1.94 0.12 0.10 -1.44 0.52 4.94 -1.74 10.83 
15 -2.32 -0.22 -0.02 -1.78 0.32 4.72 -2.13 10.40 
16 -2.22 -0.31 -0.13 -1.70 0.08 4.53 -1.98 10.00 
17 -2.15 -0.07 -0.08 -1.54 0.06 4.53 -1.90 9.99 
24 -1.84 0.03 0.05 -1.22 0.49 4.91 -1.64 10.77 
25 -1.90 0.01 -0.01 -1.29 0.35 4.77 -1.70 10.49 
35 -2.23 -0.07 0.10 <-3.00 -0.14 4.32 -1.99 9.57 
Eastern Wells 
7 <-3.00 -0.03 0.85 -2.35 1.80 6.26 -2.83 13.46 
8 -2.43 0.05 0.07 -1.99 -2.07 2.33 -2.25 5.61 
9 -2.75 0.05 0.92 -2.20 0.70 5.15 -2.53 11.23 
10 -2.07 0.04 -0.12 -1.62 -2.63 1.82 -1.85 4.58 
29 -1.81 0.08 -0.47 -1.48 <-3.00 1.21 -1.52 3.34 
30 -2.64 0.27 -0.27 -2.12 <-3.00 0.45 -2.38 1.83 
Other Samples 





Table 6. Field parameters and major ions for USGS and IEPA well samples. Results in mg/L unless otherwise specified. NR = Not Reported. 




(µS/cm) Ca K Mg Na 
Alkalinity 
(CaCO3) 
Cl- SO42- TDS 
Modern Recharge Wells 
IEPA1 10/22/2001 460 NR NR NR 74.0   4.6  36   14 294   2.06  < 5 312 
IEPA2 10/15/2002 508 NR NR NR NR NR NR   35 NR NR  < 5 NR 
IEPA3 4/20/2010 345 NR NR 793 79.6 10.2  32.3   44.1 340 72.8   15.9 466 
IEPA4 11/3/1992 1450 NR NR 676 71.3   4.8  28.2   34.9 285 41  < 5 359 
IEPA5 11/3/1992 1408 NR NR 695 69.5   7.1  30.2   36.2 283 49   11 380 
IEPA6 5/26/1999 507.5 NR NR NR 49.0   0  22   34 308   1.57  < 5 301 
IEPA7 5/26/1999 519 NR NR NR 49.0   0  21   34 308   1.39  < 5 300 
Western Wells 
USGS4 10/1/2007 1618 21.9 7.5 2480 59.5 14.5  23.9 460 294 292 610 1646 
IEPA8 7/9/1990 1560 NR NR 2400 76.0 17  32 404 240 171 717 1572 
IEPA9 12/4/1991 1790 NR NR 3150 47.0 13  21 603 317 520 550 1955 
Central Wells 
IEPA10 3/29/1990 1384 NR NR NR 56.5 NR NR 159 313 173   64.7 NR 
IEPA11 10/22/2001 1384 NR NR NR 57.0 13  23 170 272 133   52.5 621 
IEPA12 3/29/2010 1802 NR NR 1769 49.7 12.9  22 280 245 284 122 924 
Eastern Wells 





Table 7. Minor ions for USGS and IEPA well samples. Results in mg/L. NR = Not Reported. 





Modern Recharge Wells 
IEPA1 0.12 0.043 0 NR 0.017 3.59 0.54 NR 0.45 NR 0.26 NR 0.934 0.579 
IEPA2 0.33 0.042 0.097 NR 0 NR NR NR 0.78 NR NR NR 1.313 0.516 
IEPA3 0.531 0.31 0.0538 NR 0 4.02 2.3 NR 0.756 NR 0.493 NR 1.139 0.529 
IEPA4 0.147 0.077 0.736 NR 0.025 5.56 1.1 NR 0.43 NR 0.62 NR 33.396 0.695 
IEPA5 0.21 0.108 0.341 NR 0.016 4.58 1.8 NR 0.5 NR 0.36 NR 37.721 0.709 
IEPA6 0.16 0.091 1.5 NR 0.017 7.76 0.24 NR 0.4 NR 1.6 NR 2.429 8.108 
IEPA7 0.16 0.092 1.5 NR 0.017 7.76 0.24 NR 0.4 NR 1.4 NR 3.643 5.470 
Western Wells 
USGS4 1.16 0.0123 0.353 0.298 0.00411 4.31 2.36 0.001 2.46 0.956 1.22 0.1 1.788 12.878 
IEPA8 1.1 0.009 0.725 NR 0 4.67 3 NR 2.08 NR 1.6 NR 1.417         NR 
IEPA9 1.487 0.015 0.199 NR 0.009 4.77 1.607 NR 3.05 NR 1.2 NR 1.971 3.122 
Central Wells 
IEPA10 NR NR 0.46 NR 0.02 NR NR NR 0.9 NR NR NR 1.520 5.677 
IEPA11 0.45 0.024 1.8 NR 0.02 4.55 2.9 NR 0.9 NR 1.3 NR 1.265 6.777 
IEPA12 0.665 0.0297 1.18 NR 0 4.51 0 NR 1.24 NR 0.971 NR 0.934 0.579 
Eastern Wells 




Table 8. Radioactive parameters and Kd for USGS and IEPA samples. Results in pCi/L except 238U (ppb), 226Ra:Ba (atomic ratio), and Kd (L/kg). NR = Not Reported. 
ND = Not Determined. 
Well # 226Ra 228Ra 
226Ra + 
228Ra 
226Ra/228Ra 222Rn 222Rn/226Ra 238U 226Ra:Ba Kd 
Modern Recharge Wells 
IEPA1   19.9     6.4      26.3       3.11 NR NR NR 2.80E-07 ND 
IEPA2     3.1     2.3        5.4       1.35 NR NR NR 4.46E-08 ND 
IEPA3     1.7     1.3        3.0       1.31 NR NR NR 3.31E-09 ND 
IEPA4     2.2     2.3        4.5       0.96 NR NR NR 1.73E-08 ND 
IEPA5     2.7     2.7        5.4       1.00 NR NR NR 1.51E-08 ND 
IEPA6     0.55     0.46        1.01       1.20 NR NR NR 3.65E-09 ND 
IEPA7     0.47     0.64        1.11       0.73 NR NR NR 3.09E-09 ND 
Western Wells 
USGS4   16.3     1.71      18.0       9.53 15400     944.8 0.252 8.01E-07 106.8 
IEPA8     6.38     1.08        7.46       5.91 NR NR NR 4.28E-07 ND 
IEPA9   17.2     3.06      20.3       5.62 NR NR NR 6.93E-07 ND 
Central Wells 
IEPA10     5.3     1.3        6.6       4.08 NR NR NR NR ND 
IEPA11     6.3     0        6.3 ∞ NR NR NR 1.59E-07 ND 
IEPA12     3.66     0.344        4.00     10.64 NR NR NR 7.45E-08 ND 
Eastern Wells 
USGS8   10.7     1.36      12.1       7.87        60          5.61 0.140 1.25E-07 0.52 
 
Table 9. Saturation indices for selected mineral phases calculated using Geochemist’s Workbench. ND = Not Determined. 
Well # Anhydrite Barite Calcite Celestite Fe(OH)3 Goethite Gypsum Hematite 
Modern Recharge Wells 
IEPA1 < -3.00 -2.20 0.24 < -3.00 -1.57 2.88 < -3.00 6.70 
IEPA2 ND ND ND ND ND ND ND ND 
IEPA3 -2.78 0.13 0.31 -2.43 -0.85 3.59 -2.55 8.13 
IEPA4 < -3.00 -1.94 0.21 < -3.00 0.30 4.75 < -3.00 10.44 
IEPA5 -2.97 -0.46 0.19 -2.67 -0.03 4.41 -2.74 9.76 
IEPA6 < -3.00 -1.80 0.11 < -3.00 0.63 5.07 < -3.00 11.09 
IEPA7 < -3.00 -1.80 0.11 < -3.00 0.63 5.07 < -3.00 11.09 
Western Wells 
USGS4 -1.55 -0.10 0.16 -1.08 0.50 4.92 -1.34 10.80 
IEPA8 -1.41 -0.16 -0.08 -0.92 0.11 4.56 -1.18 10.06 
IEPA9 -1.73 -0.02 -0.16 -1.30 -0.45 4.00 -1.50 8.94 
Central Wells 
IEPA10 ND ND ND ND ND ND ND ND 
IEPA11 -2.43 -0.50 0.04 -1.83 0.65 5.10 -2.20 11.14 
IEPA12 -2.17 -0.12 -0.11 -2.98 0.44 4.89 -1.95 10.71 
Eastern Wells 




Figure 4. Combined Ra (226Ra + 228Ra) concentrations (pCi/L) for wells sampled in this study and for USGS and IEPA 
wells. Regions differentiated by dashed lines are from Kelly et al. (2018) and are discussed in the text. 
 
 226Ra generally dominated over 228Ra, with a median ratio of slightly less than 3 (Table 4, Figure 
5, and Figure 6). These results were consistent with data reported by Gilkeson et al. (1983), Wilson 
(2011), and Stackelberg et al. (2018) for the Midwestern U.S. Cambrian-Ordovician sandstones. 
However, Vengosh et al. (2009) reported that 228Ra commonly was the dominant radioisotope in other 
sandstone aquifers in the world. The high 226Ra/228Ra values from our study area indicate that the rocks 
had high U/Th ratios. The samples exhibited considerable spatial variability in the 226Ra/228Ra, with 
Western wells tending to have higher ratios (median = 5.6), and the median ratio for Eastern and Central 
wells were 3.5 and 1.5, respectively. Stackelberg et al. (2018) reported that in regionally unconfined 
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areas, 228Ra concentrations tended to be slightly greater than those of 226Ra. The lowest median 
226Ra/228Ra in our samples was from the Modern Recharge region (1.3), although in all but two of these 
samples, 226Ra concentrations were greater than those of 228Ra.  
 
 
Figure 5. 226Ra/228Ra for wells sampled in this study and for USGS and IEPA wells. Regions differentiated by dashed 




Figure 6. 226Ra vs. 228Ra concentrations for samples collected in this study, for USGS and IEPA samples, and for data 
from Gilkeson et al. (1983). Samples distinguished by region (see Figure 5). 
 
 222Rn concentrations in our samples varied between 58.6 and 522 pCi/L, with a median value of 
172 pCi/L (Table 4); one USGS sample (USGS4) had a 222Rn activity of 15,400 pCi/L, which Wilson (2011) 
conceded to be “an unexplained anomaly.” Excluding the anomalously high USGS value, samples from 
the Modern Recharge region had the highest 222Rn concentrations (median 349 pCi/L) and were 
significantly higher (p = 0.019) than those from the Eastern wells where the lowest 222Rn concentrations 
were observed. (median 73.2 pCi/L). The 222Rn/226Ra ratios were also highest in the Modern Recharge 
wells (median 50.0) and significantly higher (p = 0.033) in the Eastern wells, which had the lowest ratios 
(median 19.0). Wilson (2011) also reported that 222Rn concentrations were significantly higher in wells 
where aquifers are regionally unconfined, such as the Modern Recharge region. In general, there was a 





Figure 7. 222Rn vs. 226Ra for wells sampled in this study and for the USGS8 sample. Samples distinguished by region 
(see Figure 5). 
 
 238U concentrations were generally very low, less than 0.073 µg/L for all samples except for two 
in the Modern Recharge region, which had concentrations of 0.77 and 0.78 µg/L (Table 4). For the other 
three regions, the Western wells had the highest 238U concentrations (median 0.0295 µg/L), almost an 
order of magnitude greater than the Eastern wells (median 0.00328 µg/L). There was no obvious 
relationship between 226Ra and 238U (Figure 8). The USGS samples tended to have higher 238U 





Figure 8. 226Ra vs. 238U for wells sampled in this study and for USGS4 and USGS8 samples. Samples distinguished by 
region (see Figure 4). 
 
 There was considerable variability in 234U/238U ratios (Figure 9). Ratios were lowest in the 
Modern Recharge wells. In the Western wells, ratios varied between 6.8 and 15.2, in Eastern wells 
between 6.4 and 31.8, and in Central wells between 11.2 and 49.4. In the Central wells, the highest 
values tended to be in the southernmost wells, i.e., farthest down-gradient from the recharge zone. 




Figure 9. 234U/238U for wells sampled in this study. Regions differentiated by dashed lines are from Kelly et al. 
(2018) and are discussed in the text. 
 
 Some published studies, both in Illinois and other parts of the world, have reported a positive 
correlation between TDS and Ra; this correlation is interpreted to be due to a greater release of Ra from 
mineral surfaces with higher TDS levels due to a competitive ion exchange. There was a positive 
relationship between TDS and combined Ra for our data set, although with a low correlation coefficient 
(r2 = 0.05) (Figure 10). The correlation was strong for the Central wells (r2 = 0.48) but weak or non-




Figure 10. Combined Ra (226Ra + 228Ra) vs. calculated TDS concentrations for wells sampled in this study and for 
USGS and most IEPA well samples (see Tables 1, 4, 6, and 8). Samples distinguished by region (see Figure 5).  
 
 There was a negative relationship between total Ra and δ18O in the Western (r2 = 0.57) and 
Central wells (r2 = 0.34) but not in the Eastern or Modern Recharge wells (Figure 11). Kelly et al. (2018) 
used δ18O values to estimate how far Pleistocene and Holocene recharge penetrated into the St. Peter, 
mixing with and displacing in situ brines. More negative values suggest a higher percentage of 
Pleistocene water; thus the negative relationship with total Ra implies higher total Ra concentrations 








Controls on Radium Concentrations 
 Kelly et al. (2018) used inorganic chemical and stable isotope data to elucidate differences in 
flow directions and recharge zones in the St. Peter Sandstone in the Middle Illinois region (Figure 2). 
Kelly et al. (2018) postulated that the Western region represents the distal part of a flow path that 
originated in eastern Iowa and contains the oldest water in the region with the highest percentage of 
remnant Pleistocene recharge. Wells in the Central and Eastern regions were closer to their recharge 
zones than the Western wells and retained a smaller percentage of Pleistocene recharge. Flow in the 
Central and Eastern regions was constrained by the LaSalle Anticlinal Belt, with flow in a direction 
generally parallel to the structure (northwest to southeast). The St. Peter Sandstone outcrops in 
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northern LaSalle County and is an area of active recharge where Holocene-aged water has displaced 
most of the Pleistocene recharge. 
 The presence of Ra in all the wells in the study area, especially in the Modern Recharge region, 
indicated that the primary source of Ra is likely within the St. Peter Sandstone or bounding units and not 
from the pre-Pleistocene brines or leakage from overlying units. Gilkeson & Cowart (1987) observed that 
Ra concentrations and 226Ra/228Ra ratios are stable over time, indicating that the producing horizons are 
in steady state with the in situ groundwater. The widespread distribution also suggests that source 
materials for Ra must be ubiquitous because these isotopes cannot migrate very far from their sources 
due to their relatively short half-lives. The fact that both 226Ra and 228Ra were detected in all samples 
indicates the presence of both 232Th and 238U (and 230Th) in the St. Peter Sandstone or bounding units 
(Stackelberg et al., 2018). However, variability in the 226Ra/228Ra ratio indicates spatial differences in 
parent materials. Western wells had significantly higher 226Ra/228Ra ratios compared to the Eastern and 
Central wells and thus had a higher proportion of 238U and 230Th relative to 232Th.  
 The presence of substantial concentrations of 222Rn in all the samples indicates radioactivity in 
the rocks and not in solution. This is supported by the poor correlation between aqueous concentrations 
of 222Rn and 226Ra, especially when the data are divided by region (Figure 7). The 226Ra parent of 222Rn is 
associated with the solid phase, either in a mineral phase or adsorbed to surfaces, continuously supplied 
by alpha-recoil mechanisms. This has been observed in many other studies (Ames at al., 1983a; Ames et 
al. 1983b; Gilkeson et al., 1983; Porcelli & Swarzenski, 2003; Stackelberg et al., 2018; Szabo et al., 2012). 
 Wilson (2011) reported that 226Ra concentrations in Cambrian-Ordovician aquifers in the 
Midwestern U.S. were positively correlated with well depth, temperature, 228Ra, TDS, SO42-, sodium (Na), 
potassium (K), fluoride (F-), strontium (Sr), and lithium (Li) and negatively correlated with DO, 222Rn, 
nitrate, silica, and tritium. He concluded that these relationships indicated that 226Ra was more likely to 
be elevated in older, more mineralized water. Samples in this study generally did not show these 
correlations either by region or for the data set as a whole, at least not to the degree that Wilson (2011) 
reported (Figure 12 and Figure 13). There were a few exceptions; for example, SO42- had a positive 
relationship with 226Ra, especially for the Eastern and Western wells, F- had a positive relationship, 
especially for the Central wells, and silica did have a slightly negative relationship, excluding the Modern 
Recharge region wells. In fact, the Modern Recharge samples appear to be a unique population when 




Figure 12. Various parameters vs. 226Ra for wells sampled in this study and for USGS and IEPA well samples. Wilson 
(2011) found these parameters to be positively (well depth, TDS, SO42-, Na, K, F-, Sr) or negatively (Si) correlated 




Figure 13. Various parameters vs. 226Ra for wells sampled in this study and for USGS and IEPA well samples. Wilson 
(2011) found Li and temperature to be positively correlated with 226Ra. Samples distinguished by region (see Figure 
5). ICCS sample (33) is not included. BDL = below detection limit. 
 
Because Th is so insoluble, 226Ra and 228Ra concentrations are limited to areas in the rock 
material with enriched Th (230Th and 232Th, respectively) or where the geochemical environment 
promotes Ra mobility (Wilson, 2011). Although, as Grundl and Cape (2006) pointed out, low 
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concentrations of Th can produce Ra at concentrations of concern. Michel & Cothern (1986) suggested 
that quartzose sandstone aquifers, such as the St. Peter Sandstone, could have high Ra concentrations in 
solution due to minimal sorption or exchange capacity within them, especially in high TDS waters. The 
St. Peter is a very pure sandstone, 99.85 percent silica (SiO2) (Kolata, 2010; Lamar, 1927). Except for the 
Central region wells, the correlation between TDS with 226Ra, 228Ra (Figure 14), and combined Ra (Figure 
10) was poor. This suggests that cation exchange reactions may be a primary mechanism controlling Ra 
concentrations in the Central region, but not in the other areas.  
 
Figure 14. TDS concentrations vs. 228Ra for wells sampled in this study and for USGS and IEPA well samples. ICCS 
sample (33) is not included. Samples distinguished by region (see Figure 5). 
 
 Many studies have suggested that mineral solubility controls Ra aqueous concentrations, 
especially sulfate minerals. There is abundant SO42- in our samples, but all samples are undersaturated 
with respect to gypsum (CaSO4·2H2O), anhydrite (CaSO4), and celestite (SrSO4); thus they cannot be 
controlling Ra solubility. Barite (BaSO4) has been reported in other studies to be a mineralogical control 
on Ra (Gilkeson et al., 1983; Grundl & Cape, 2006; Stackelberg et al., 2018; Wilson, 2011). Except for the 
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Modern Recharge wells, most of our samples were slightly undersaturated or close to saturation with 
respect to barite (Figure 15). There is also a “mutually exclusive” relationship between Ba and SO42-, 
indicating that barite precipitation is limiting Ba in solution (Figure 16). Barite may possibly be exerting 
some control on Ra in solution, especially in the confined regions of the aquifer, and especially in the 
Eastern region where almost all samples are slightly supersaturated with respect to barite. Many of the 
Modern Recharge samples are relatively far from saturation with respect to barite, mostly because of 
the very low SO42- concentrations (median < 3 mg/L) found in most of the unconfined region of the St. 
Peter Sandstone. 
 
Figure 15. Barite saturation index vs. total Ra for wells sampled in this study and for USGS and IEPA well samples. 




Figure 16. Barium vs. sulfate concentrations for wells sampled in this study and for USGS and IEPA well samples. 
Samples distinguished by region (see Figure 5). 
 
 Grundl and Cape (2006) and Stackelberg et al. (2018) used 226Ra:Ba atomic ratios to help 
elucidate the role of barite in controlling 226Ra concentrations in solution. In both studies, relatively low, 
constant values (~1.2 – 1.5 x 10-8) were found in unconfined regions, which Grundl and Cape (2006) 
suggested meant that radium was controlled by barite co-precipitation. Our samples in the Modern 
Recharge region had similar values (median 1.7 x 10-8). Grundl and Cape (2006) and Stackelberg et al. 
(2018) also reported that 226Ra:Ba atomic ratios increased in confined regions, indicating an additional 
geochemical process is controlling Ra concentrations. Stackelberg et al. (2018) plotted 226Ra:Ba atomic 
ratios against groundwater age and found a positive correlation, i.e., as groundwater gets older, more 
saline, and more reducing, the release of 226Ra into solution increases.  
Our samples had a similar range of 226Ra:Ba values as those reported in Stackelberg et al. (2018). 
We used several chemical proxies for groundwater age in our samples, including SO42- and the stable 
isotopes of water. There is a strong negative correlation (r2 = 0.58) between δ18O and 226Ra:Ba in our 
samples (Figure 17a). The more negative δ18O values indicate a higher percentage of Pleistocene 
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recharge and a lower amount of modern, Holocene recharge in the aquifer (Kelly et al., 2018). A positive 
relationship was observed between SO42- and 226Ra:Ba, with the Western wells having the highest SO42- 
concentrations and 226Ra:Ba values (Figure 17b). Kelly et al. (2018) concluded that the Western wells 
represent a longer flow path that originated in eastern Iowa, as opposed to flow paths in the Central and 
Eastern wells, where recharge originated locally. Thus, our results agree with Stackelberg et al. (2018), 
i.e., once the solubility limit for barite is reached, Ba concentrations remain level or decrease while 226Ra 
increases, indicating its aqueous concentration is controlled by factors beyond barite solubility. 
 
Figure 17. 226Ra:Ba atomic ratio vs. (a) δ18O and (b) SO42-. Samples distinguished by region (see Figure 5). 
 
 The movement of dilute Pleistocene water into the St. Peter Sandstone undoubtedly altered the 
in situ geochemical conditions substantially. Any Fe and Mn in the system would have likely precipitated 
out of solution in the relatively oxidizing conditions that would have prevailed during recharge events, 
probably as oxyhydroxides. Radium has been shown to strongly adsorb to iron oxyhydroxides (Ames, 
Mcgarrah, Walker, et al., 1983; Benes et al., 1984; Krishnaswami et al., 1982), and natural Fe 
oxyhydroxide samples can contain much more 226Ra than the surrounding rock matrix (Korner & Rose, 
1977). Once more reducing conditions were re-established, these ferric solids may have dissolved and 
released Ra into solution (Landa et al., 1991). However, any Ra that was introduced into solution during 
the Pleistocene would have almost entirely decayed away by the present time. Radium currently 
present in the groundwater would have to come from U and Th associated with solid phases.  
 The strongly reducing conditions found throughout the confined portions of the aquifer 
(Western, Central, and Eastern wells) (Kelly et al., 2018) would favor the dissolution of any Fe- or Mn-
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oxyhydroxides. This would decrease the adsorptive capacity of the aquifer and Ra would remain in 
solution (Stackelberg et al., 2018). All samples were supersaturated with respect to crystalline iron oxide 
phases (goethite and hematite), but results were mixed for Fe(OH)3 (Figure 18). For the Central and 
Western regions, most of the samples were near saturation or slightly supersaturated with respect to 
Fe(OH)3, indicating Fe(OH)3 could potentially be stable in the aquifer in these regions. Samples from the 
Recharge region were all slightly undersaturated, and a cluster of wells in the Eastern region were 
significantly undersaturated with respect to Fe(OH)3.  
 
Figure 18. Fe(OH)3 saturation indices vs. total Ra concentrations for wells sampled in this study. Samples 
distinguished by region (see Figure 5). 
 
 Cation exchange has been postulated as a potential control on Ra concentrations in aquifers, 
with divalent cations such as Ra2+ replacing monovalent cations such as Na+ on mineral surfaces. We 
examined two molar ratios, Na:Cl and Na:(Ca+Mg), with excess Na suggesting cation exchange reactions 
(Oden & Szabo, 2015; Stackelberg et al., 2018). Na:Cl values were greater than 1 for all samples except 
for four samples in the Modern Recharge region (Table 3). The Western wells had the highest median 
value of Na:Cl (2.18), which was considerably greater than for the Eastern wells. Kelly et al. (2018) 
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concluded that the Western region had the greatest remaining amount of Pleistocene water in the 
confined portion of the aquifer and thus had the oldest water in the system. The Na:Cl data indicated 
ample time has passed for cation exchange with Na in the Paleozoic rocks. The Na:(Ca+Mg) data show 
similar results (Table 3), with Western wells having the highest median value (7.04). All Modern 
Recharge wells had values < 1 (median 0.36). The low values in the Modern Recharge region, which were 
significantly less than in the three other regions (p = <0.001), indicated that cation exchange is not an 
important geochemical process where active recharge is occurring, which confirms a result of 
Stackelberg et al. (2018). In the confined portion of the aquifer, however, these data do not rule out 
cation exchange as a limit on aqueous Ra concentrations, although the correlations between Ra and TDS 
suggest that cation exchange is only important in the Central area.  
 Although the data suggest that cation exchange is not a major control of Ra in the St. Peter 
Sandstone, adsorption/desorption reactions are likely playing a role. Using methods described in 
Weaver & Bahr (1991), we calculated 226Ra solid phase concentrations and partition coefficients (Kd) for 









where [Ra(s)] is the solid phase activity of 226Ra (pCi/kg); [Rn(aq)] and [Ra(aq)] are the aqueous activities of 
222Rn and 226Ra (pCi/L), respectively; θ is porosity; and ρ is the aquifer bulk density (grams per cubic 
centimeter (g/cm3)). Porosity was assumed to be 0.3 and bulk density 1.75 g/cm3. 
There was a general negative relationship between TDS and Kd (Figure 19). All Modern Recharge 
wells had values greater than 3.0, suggesting less competition for adsorption sites in this region, 




Figure 19. Kd vs. TDS. One sample is outside the plot range. Samples distinguished by region (see Figure 5). 
 
Uranium 
 238U concentrations were generally low, with all samples < 0.1 ppb except for samples 26 and 27, 
which were about 10 times higher (0.76 and 0.78 ppb, respectively). These two wells were in the 
Modern Recharge region, where conditions were more oxidizing than in the rest of the study area and 
thus uranium would be more soluble. This agrees with the results reported by Wilson (2011) in that U 
concentrations were significantly higher in samples with modern recharge. There appear to be slightly 
higher 238U concentrations in the Western wells compared with the Central and Eastern wells (Table 4, 
Figure 8). Samples with the highest 234U/238U ratios tended to have low 226Ra/228Ra ratios (Figure 20), 




Figure 20. 226Ra/228Ra vs. 234U/238U for wells sampled in this study. Samples distinguished by region (see Figure 5). 
 
 Because of its relatively oxidizing conditions, the Modern Recharge region is the only region 
where conditions are favorable for U mobility. Conversely, as Wilson (2011) pointed out, under these 
conditions, Ra may be less mobile, primarily because of adsorption to iron oxyhydroxides that are 
unlikely to be present under more reducing conditions.  
 We estimated the uranium content of the host rock using 222Rn concentrations (Andrews & Lee, 
1979; Weaver & Bahr, 1991). Assuming long groundwater residence times (hundreds to thousands of 
years), the equation is: 
[𝑈𝑈] =  𝜃𝜃[𝑅𝑅𝑅𝑅(𝑅𝑅𝑎𝑎)]/0.33𝐴𝐴𝜌𝜌 
where [U] is the 238U concentration of the aquifer matrix in ppm; θ is the aquifer porosity; A is the 
fractional efficiency of 222Rn release (estimated by Andrews & Lee (1979) to be between 0.03 and 0.05); 
and ρ is aquifer bulk density in g/cm3. Using θ = 0.3, A = 0.04, and ρ = 2.65 (pure quartz), [U] varied 
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between 0.51 and 4.48 ppm (ignoring the anomalous USGS 4 value). The highest values were calculated 
to be for the Modern Recharge wells (median 3.0 ppm). These estimates significantly exceeded (p = 
0.010) those calculated for the Eastern wells, which had a median value of 0.63 ppm. The Central and 
Western wells had median values of approximately 1.5 ppm. These estimates are similar to what 
Weaver & Bahr (1991) reported for Cambrian-Ordovician sandstones in Wisconsin. However, it seems 
unlikely that a very pure sandstone such as the St. Peter would have such high U (or Th) concentrations, 
even with abundant iron oxides.  
Because most of the wells are open to units shallower than the St. Peter, overlying formations 
may have higher U concentrations than the St. Peter and be supplying additional 222Rn to the well water. 
Murray & Adams (1958) reported that a sample of the St. Peter Sandstone from Ottawa, IL (unconfined 
region) contained 0.18 ppm U. Shales, however, are known to have higher levels of U and Th. Adams & 
Weaver (1958) reported that the average shale contains 3.7 ppm U and 12 ppm Th. Several units 
containing shale are adjacent to the St. Peter Sandstone. At the base of the St. Peter is a chert 
conglomerate (Kress Member) containing red and green shales (Buschbach, 1964; Kolata, 2010). 
Overlying the St. Peter Formation is the Glenwood Formation, a poorly sorted sandstone, dolomite, and 
green shale (Willman et al., 1975). Gamma log data from three boreholes drilled in the study region 
confirmed the presence of shaley dolomite and argillaceous sandstone above and below the St. Peter 
Sandstone (Zohreh Askari, ISGS, personal communication). 
 Black shales are also found in the stratigraphic sequence. These include Ordovician, Devonian, 
and Pennsylvanian units, although Devonian shales are generally found south (and down-gradient) of 
the study area. (Ostrom et al., 1955) reported an average U concentration of 40 ppm in Pennsylvanian 
black shale core samples from areas within and north (up-gradient) of our study area. Gilkeson et al. 
(1988) reported an average U concentration of 2.45 ppm in seven Ordovician black shale samples in 
Illinois. Kelly et al. (2018) suggested that downward displacement of water from overlying layers into the 
St. Peter Sandstone occurred in this region during the Pleistocene due to flexural loading. This has also 
been postulated for other parts of the Illinois Basin (McIntosh et al., 2002; Siegel, 1989; Stueber & 
Walter, 1991). Thus, Pleistocene recharge could have transported U and Th from overlying shales into 
the St. Peter.  
 Other potential sources of U include soils and glacial till deposits (Figure 3). Cahill (2017) 
compiled data from A and B soil horizons in Illinois and found the median U concentration was 3.4 ppm 
with a maximum of 6.7 ppm. The original source was probably from shale and crystalline rock fragments 
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found in glacial tills. Uranium can be mobile if these systems are oxygenated. For example, Zhou et al. 
(2005) reported U concentrations of 50 ppm in a stalagmite in a cave in southwestern Illinois that was 
overlain by a thick loess deposit. 
 The 234U/238U activity ratios indicate moderate to extreme disequilibrium between 234U and 238U 
(Figure 9). 234U is a daughter of 238U but with a half-life of almost 20,000 times shorter. There is a 
negative relationship between 238U and 234U/238U, especially for Central and Eastern wells (Figure 21). 
The extreme disequilibrium must be relatively recent, otherwise decay toward equilibrium with 238U 
would have occurred, so there must have been fractionation within the flow system (Gilkeson & Cowart, 
1987). High ratios can be generated where U is concentrated in secondary phases. Gilkeson & Cowart 
(1987) suggested that shales pulverized by glacial activity allowed for U to be transported under 
oxidizing conditions. As the glaciers moved back and forth across the landscape, oxygenated recharge 
would have entered the St. Peter Sandstone for various periods, altering redox conditions. During 
periods of significant recharge, oxidizing conditions may have promoted the dissolution of U-containing 
minerals, transporting the U until more reducing conditions were encountered or re-established, when 
U would have precipitated out of solution. This is essentially the mechanism that produces C-type roll-
front U deposits (Reynolds & Goldhaber, 1983). If the 234U was more available than 238U due to recoil 
effects, it might be preferentially leached, causing the extreme disequilibrium observed (Suksi et al., 
2006). The proposed mechanism for this disequilibrium is oxidation-based fractionation, in which the 
initial decay product of 238U, 234Th, is pushed by recoil into areas where oxygen atoms can accumulate 
around 234Th atoms. This increases the oxidation potential and produces 234U in the more mobile 
hexavalent state (Adloff & Roessler, 1991; Regil et al., 1989). Once reducing conditions are re-





Figure 21. 234U/238U vs. 238U for wells sampled in this study. Samples distinguished by region (see Figure 5).  
 
 Another possible factor contributing to the disequilibrium between 234U and 238U is increased 
adsorption, with adsorbed 234Th discharging 234U into solution. The Central zone had the highest 
concentrations of Fe, and all samples were supersaturated with respect to Fe(OH)3; this also might 
suggest a more abundant solid phase Fe.  
 
Conceptual Model 
 As Kelly et al. (2018) pointed out, the aqueous geochemical conditions in the St. Peter 
Sandstone in our study area are extremely complex, with regional differences that signify multiple 
sources of water and recharge zones. As a result, the radiochemistry of the aquifer is also complex.  
 The geochemistry and hydrogeology of the Modern Recharge region is obviously different from 
the other regions. The aquifer is unconfined in this region, thus hosting water that is younger and more 
oxidizing than in the rest of the study area. The relatively oxidizing conditions allow for the highest 
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dissolved U concentrations here. The highest 222Rn concentrations were also found in the Modern 
Recharge region, indicating higher levels of Ra associated with the solid phase. Redox conditions suggest 
the existence of Fe- and Mn-oxyhydroxides, which are known to strongly adsorb Ra. Relatively high 
222Rn:226Ra and low 226Ra:Ba atomic ratios in the region also point to the efficient adsorption of Ra to Fe- 
and Mn-coatings. Sulfate concentrations in the Modern Recharge region were very low; as a result, 
barite solubility does not control Ra concentrations there. 
 In the confined portions of the aquifer (Western, Central, and Eastern wells), most of the wells 
were near saturation or slightly supersaturated with respect to Fe(OH)3, especially in the Central region.  
The St. Peter Sandstone is very pure, however, and there may not be enough Fe- (or Mn-) coatings to 
allow for significant adsorption of Ra (Stackelberg et al., 2018). Increasing TDS levels would also favor 
the release of Ra into solution due to increased competition for adsorption sites, although a strong 
positive correlation between TDS and Ra was only observed in the Central wells. Higher 226Ra:Ba ratios in 
the confined regions also suggest decreased sorption. Almost all the samples in these regions had 
abundant SO42-, and barite may be exerting some control on Ra in the confined regions of the aquifer 
(Figure 15). This is especially true in the Eastern region where almost all the samples are slightly 
supersaturated with respect to barite. 
Regardless of how Ra was affected by Pleistocene recharge events, any Ra that was introduced 
into solution during the Pleistocene would have almost entirely decayed away by the present time. 
Thus, radium present in the groundwater now would have to come from U and Th associated with the 
solid phase and not from any mixing of waters. 
 234U/238U ratios were high throughout the confined portion of the aquifer, especially in the 
Central region. This disequilibrium indicates relatively recent fractionation and appears to be the result 
of multiple recharge events to the St. Peter during and at the end of the Pleistocene. As oxygenated 
meltwater recharged the aquifer, U would have been mobilized until reducing conditions were re-
established, a process akin to the formation of uranium roll-front deposits. If 234U was preferentially 
leached during these recharge events, the 234U/238U ratio would increase down-gradient. This is most 
obvious in the Central region (Figure 21). Disequilibrium modeling by Suksi et al. (2006) suggested that 
elevated 234U/238U values observed in aquifers in Finland (highest value ~ 9.5) were best explained by 
recharging oxidizing groundwater that rapidly returned to reducing conditions. Elevated 234U/238U values 
in Finnish groundwaters were estimated to represent two to three episodes of oxic meltwater entering 
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the aquifers (Rasilainen et al., 2003). Higher ratios in our samples imply many more episodes of glacial 
recharge into the St. Peter Sandstone. 
 We attribute the pronounced 234U/238U disequilibrium in the Central region wells to their relative 
proximity to recharge zones compared to either the Western or Eastern wells. Kelly et al. (2018) 
suggested that most of the Pleistocene water recharging the Central region entered the aquifer in 
central and northern LaSalle County, where the St. Peter Sandstone is at or near the surface. The LaSalle 
Anticlinal Belt appears to force groundwater flow parallel to that structure. The relative proximity of the 
wells in the Central region to their recharge zone suggests that they are more likely to show evidence of 
multiple meltwater recharge events compared to the other regions.  
 Although this mechanism may explain how U has moved through the aquifer, a more difficult 
question is Th, which is extremely insoluble even under oxidizing conditions. Although 226Ra tended to 
be the dominant isotope, 228Ra was detected in every sample, indicating the widespread presence of 
232Th. The Central and Eastern wells had higher 228Ra concentrations than the Western wells, although 
the difference was not significant. During the Wisconsin episode, the Western region was never covered 
by glaciers, as opposed to the Central and Eastern regions (Figure 2). Kelly et al. (2018) suggested that 
when glaciers extended over these latter regions, flexural loading may have opened fractures and 
increased permeabilities, allowing for considerable amounts of recharge to pass through overlying units 
and into the St. Peter Sandstone. This begs the question, however, of how the Th would get into solution 
in the first place. 
 Mathews et al. (2018) measured solid-phase concentrations of U (up to 30 mg/kg) and Th (up to 
15 mg/kg) in Cambrian sandstones and aquitards in Wisconsin, formations that are also found in Illinois. 
Solid phase U and Th may be present in sufficient quantities to account for the 226Ra and 228Ra in the St. 
Peter Sandstone in our study area. The St. Peter and the other units in the Illinois Basin are marine in 
origin. Initial formation waters were hypersaline brines (Panno et al., 2013). The chemical signatures of 
these brines are still evident in the confined portion of our study area, even where the water is relatively 
diluted. Seawater and ocean sediments contain both U and Th (Somayajulu & Goldberg, 1966), 
suggesting that much of the U and Th might have been in the St. Peter formation since its deposition. 
 A final consideration is the potential mixing of water due to well construction. Most of these 
wells were open to other units in addition to the St. Peter Sandstone, possibly including shale facies. 





 Geochemical conditions in the St. Peter Sandstone have been profoundly impacted by multiple 
episodes of recharge from Pleistocene meltwater during the Pleistocene Epoch. In situ formation waters 
were brines, but relatively fresh Pleistocene recharge has made the St. Peter Sandstone a potable 
aquifer throughout much of the Illinois Basin, even though units above and below it are too saline for 
human consumption. Spatial variability in this recharge, including structural controls on the 
hydrogeology, has created a complex geochemical system in central Illinois. This complexity has 
impacted the radiochemical behavior in the system.  
 Elevated Ra concentrations are found in the St. Peter Sandstone aquifer throughout our study 
area and beyond, with a majority of the samples collected in this study having concentrations greater 
than the drinking water standard of 5 pCi/L. Both 226Ra and 228Ra are found in the aquifer, indicating that 
both 238U and 232Th decay chains are significant there. 
 222Rn data indicate that most of the 226Ra is associated with the solid phase. In the Modern 
Recharge region, adsorption to Fe- and/or Mn-oxyhydroxides appears to be the major control on Ra 
concentrations in solution. High SO42- concentrations in the confined regions of the aquifer indicate that 
barite solubility is probably controlling Ra concentrations to some degree in these regions. 
Sorption/desorption reactions are likely also playing a role. 
  Potential sources for the U and Th parent isotopes include overlying and underlying marine 
shales, shales in Pleistocene tills pulverized by glacial activity, and in situ brines. The disequilibrium 
observed in the U isotopes is likely the result of Pleistocene meltwater recharge into the St. Peter. 
Multiple episodes of fresh Pleistocene water that penetrated far into the St. Peter appear to have 
brought in oxygen that caused U to be solubilized, transported, then re-precipitated out of solution once 
more reducing conditions were re-established. We conclude that fractionation of the U isotopes 
occurred as a result of the fluctuating redox conditions. Uranium isotope disequilibrium is especially 
obvious in the Central region of our study area, where relatively numerous episodes of Pleistocene 
recharge may have occurred due to the proximity of its main recharge zone to the north where the St. 
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